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Water is one of the most precious resources on Earth. Managing water resources
is a complex discipline that requires accurate data, which in turn means that the
management of water resources is limited by the availability and quality of these datasets.
Evapotranspiration (ET) is one of these key datasets, but is also one that is lacking in
large-scale spatial distribution with traditional methods such as weighing lysimeters or
Bowen ratio. This is a quantity that needs to be evaluated in regional and global climate
models since it is a substantial component of the land surface-atmosphere interaction. In
order to overcome the limitations imposed by point wise calculation of ET, a new dataset
based on a surface energy balance model Mapping Evapotranspiration at High Resolution
with Internalized Calibration (METRIC) constrained by Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite imagery have been developed. A Fully Automated
Python implementation of METRIC model, as well as a script which generates 15-day
Reference ET Fraction (ETrF) composites were needed and developed to cover the
Contiguous United States (CONUS) due to the high computational time for manual
processing of METRIC. In this study, the new ET dataset will be used to evaluate how
well the Weather Research and Forecasting Model, coupled with Community Land
Model's (WRF-CLM) as well as Noah-MP and Bucket Land Surface Model, evaluate ET.

CLM, Noah-MP and Bucket are the models used to understand the processes between
land and atmosphere and also climate change, and contain crucial but poorly known
parameterizations for ET.
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CHAPTER 1: INTRODUCTION

Evapotranspiration (ET) is a major component of the hydrological cycle which affects
climate processes and agricultural practices. Large amounts of water vapor are lost via
ET, and this process redistributes heat and water into the atmosphere. The partitioning of
ET to transpiration and evaporation is dependent on leaf area index (LAI). Vegetated
areas with greater LAI have higher transpiration rates as opposed to evaporation from soil
surfaces (Bethenod et al., 2000). This makes ET a major concern for the agricultural
areas and climate models in general. In order to estimate ET, several frameworks exist,
and the most widely-accepted ones employ surface energy balance methods. Satellite
based models, such as Surface Energy Balance Algorithm (SEBAL) developed by
Bastiaanssen et al. (1998) or Mapping Evapotranspiration at High Resolution using
Internalized Calibration (METRIC) developed by Allen et al., 2007 a&b, provide
spatially continuous datasets to estimate ET as a residual of the surface energy balance.
Wind speed, solar radiation, humidity and air temperature at the surface, are used to
calculate reference evapotranspiration (Walter et al., 2000), while satellite imagery is
used to generate a crop coefficient-like coefficient with METRIC. The necessary weather
parameters are obtained from the North America Land Data Assimilation System
(NLDAS, Mitchell et al., 2004). METRIC estimates actual ET without quantifying
complex hydrological processes and without identifying crop types, which eases the
process. Crop type information is not sufficient since it is used only for surface roughness
parameters, which is handled in METRIC with a function that is dependent on LAI.
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However, all of these satellite-based techniques that use land surface temperature from
satellites and do not use microwave, have a downside, which are the clouds. Cloud cover
makes it challenging to obtain complete, seamless ET datasets. METRIC is intended to
run with high-resolution satellite imagery (Landsat) at 30 meters due to the fact that
selecting homogeneous anchor pixels are suitable with that resolution for calibrating the
model. For relatively large domains, however, usage of MODIS is more suitable since the
areal coverage is greater than Landsat. For this study due to the size of the domain,
MODIS was selected rather than Landsat.
Approximately 70 per cent of the incoming radiation over land is absorbed by the
surface (Myneni et al., 1992). Regional Climate Models (RCMs) provide sophisticated
land surface physics schemes which models surface processes as well as ET, coupled
with climate models such as Weather Research and Forecast (WRF) model (Michalakes
et al., 2004; Cai et al., 2014, McCoy et al., 2009). RCMs provide means to understand the
interactions between the atmosphere, land surface and vegetation. Better estimates of ET
should improve both real-time and forecasted climate predictions, which in turn should
yield to better climate change research and better water resources management practices.
The Community Land Model (CLM), developed by Oleson et al., 2010 serves as the
state-of-art land surface parameterization tool for climate models. On the other hand,
Multi-Physics version of the Noah (Noah-MP) developed by Nie et al., 2011 is an
alternative to CLM. A multi-layer soil temperature model for mm5 (Bucket) developed
by Dudhia et al., 1996 with both grass and default vegetation options are conducted to
pinpoint the differences between land surface physics models.
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Precipitation is another major component of the hydrological cycle. It occurs as a
function of the available moisture in the atmosphere, which is closely related with ET on
regional scale. In order to represent the hydrological cycle realistically those two
parameters should be estimated carefully. Parameter elevation Regression on Independent
Slopes Model (PRISM) developed by Daly et al., 1997 is used in this study to validate the
precipitation products, which is assumed to be the ground truth.

4
CHAPTER 2: OBJECTIVES

The aim of this study is to evaluate and compare ET values generated by different land
surface schemes with METRIC model. Improved evaluation of ET could substantially
improve the climate simulations. For instance, better predictions could help the
determination of the planting, harvesting or irrigation time, which will stimulate the
economy by increasing the yield and productivity by consuming the least amount of natural
resources possible. Part of the objective is also to compare the precipitation products to see
how well the models do, since precipitation is highly related with ET. Specific objectives of
this study are to:


Evaluate ET products that are generated with METRIC and land surface schemes
coupled with WRF



Conduct statistical analysis to estimate significance of the differences between
models



Investigate sensitivity of ET to differences in land use classes



Develop a better calibration scheme in METRIC to produce large area ET
products from MODIS
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CHAPTER 3: METHODS
Three years are selected to conduct this study; 2005 (a normal year), 2007 (a wet
year) and 2012 (a dry year). For 2005 CLM ET results are compared with METRIC ET
results. For 2007 and 2012, Noah-MP and Bucket ET values are compared with METRIC
ET. Four months (May, June, July, August), when ET peaks, are selected for the
comparison. Only monthly values were compared due to the massive amounts of data
generated. Figure 1 shows the domain that is used in this study. This is a large enough
domain that will provide sufficient comparison information between models.
The spatial analysis shows WRF-CLM is underestimating ET compared to METRIC
overall. For the sake of accuracy, contaminated pixels that are detected by cloud mask are
not used in this study. For every month period there were two METRIC ETrF products,
which is assumed to be constant throughout the fifteen day period. To get the monthly
values those ETrF values were multiplied by reference ET values for every day, which
resulted in fifteen actual ET maps. During the accumulation procedure to get monthly
values from daily values, there are some pixels which are contaminated for the first
fifteen-day period of a month, but cloud-free for the second fifteen day period of a
month. In that case those pixels were dropped from the calculations to increase the
confidence levels with METRIC. In other words, only the pixels that are cloud free for
both ETrF maps for a month are used. Even if some pixels were dropped, at least fifty
thousand comparison pixels were present for every month for every year, which is
sufficient to conduct a comparison study.
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3.1. Domain Description

Figure 1. Domain that is used to conduct ET comparisons
Figure 1 shows the domain that is used for this study. It covers the High Plains
Region with a 4km pixel resolution for WRF which is outlined with red color in Figure 1.
3.2. Input Dataset Description
3.2.1. Moderate Resolution Imaging Spectroradiometer (MODIS)
The MODIS instrument platform on the Terra satellite is used during this study to
generate ET products. MODIS-Terra has the advantage of high temporal resolution
compared to Landsat, which makes it possible to work on the daily scale for large
domains such as entire contiguous United States (CONUS). This kind of work is not
possible with satellites such as Landsat that have less frequent revisits. Four MODIS
products are used in this study. The calibrated radiance product at 1 km resolution
(MOD021KM) is used to calculate surface reflectance as well as albedo and some
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vegetation indices such as normalized difference vegetation index (NDVI, Tucker et al.,
1979) and Normalized Difference Water Index (NDWI, Gao et al., 1996). The
geolocation field product at 1 km resolution (MOD03) is used to calculate the solar zenith
and sensor zenith angles. The land surface temperature and emissivity product at 1 km
resolution (MOD11_L2) is used to calculate the land surface temperatures as well as
getting the view angle of the sensor. The cloud mask product at 1km (MOD35_L2) is
used to identify the cloudy pixels to mask them out. Details and algorithms of MODIS
implementation into METRIC model can be found in Trezza et al., 2013. All MODIS
datasets are reprojected to Albers Equal Area Conic Projection using Geospatial Data
Abstraction Library (GDAL) with 1 km resolution. All the MODIS data has been
downloaded using NASA’s ftp servers.
In order to have a full coverage of the domain MODIS platform’s Terra satellite is used
due to the high temporal resolution. The procedure introduced in Trezza et al., 2013 were
followed to operate METRIC with MODIS.
3.2.2. NLDAS

NLDAS is used as a complementary dataset during the calculation of reference ET.
Reference ET requires air temperature, humidity, solar radiation and wind speed. All of
these datasets are found in NLDAS in hourly fashion for the entire CONUS. American
Society of Civil Engineers’ standardized reference evapotranspiration equation for alfalfa
is used in this study since alfalfa reference ET (Walter et al., 2000) values reflect the
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conditions of agricultural crops better. NLDAS is reprojected to Albers Equal Area Conic
Projection using GDAL with 12km resolution. NLDAS forcing 2 model is used in this
study also for the precipitation comparisons with PRISM datasets to check the accuracy
of precipitation datasets even though orographic adjustment of the dataset was done with
PRISM. The North American Regional Reanalyzes (NARR) dataset was used to generate
NLDAS dataset. Surface downward shortwave radiation is bias corrected and this
eliminated the need for a quality assurance and control analysis for calculation of
reference evapotranspiration. Downward shortwave radiation needs to be corrected in
case of systematic errors, which means a sensor failure rather than cloudy conditions.
This bias should be corrected since it does not represent cloudy conditions.
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3.2.3. Digital Elevation Model, Land Use and Soil Data

The Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) is
used to provide elevation information in METRIC. This dataset was aggregated to 1 km
pixel size to match and align MODIS-Terra.
The National Land Cover Database (NLCD-2006, Homer et al., 2012) is used as
the land use product for this study. This dataset was to 1 km pixel size to match and align
MODIS-Terra. This dataset has 18 different classes that cover the CONUS domain. This
dataset is also used to compare error statistics from different land use types between
WRF and METRIC products since it has approximately 80 percent accuracy (Wickham et
al. (2013)). Figure 2 and Figure 3 shows the land use maps that are used in METRIC and
WRF models.
The Statsgo2 database (Schwarz et al., 1995) is used to obtain the necessary soil
parameters such as wilting point, available water capacity and field capacity. Those
parameters are used to estimate the evaporation from bare soil (Allen et al., 2005).
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Figure 2. Land use map for (a) Noah-MP, CLM and Bucket Default
Vegetation models (b) Bucket Grass Vegetation Model

11

Figure 3. Land use map that is used with METRIC (NLCD-2006)
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3.2.4. NARR

Large-scale lateral forcing and initial conditions are obtained from the North
American Regional Reanalyses (NARR), which is developed by Mesinger et al., 2006, at
32 km spatial resolution for WRF simulations. NARR has 3-dimensional atmospheric
data, surface data and fixed-field data. NARR’s data coverage is from 1979 to near
present in 3 hourly format. It has 29 pressure levels. Reanalysis datasets such as NARR is
very useful to create initial conditions for regional climate models (Bukovsky et al.,
2007).

3.2.5. PRISM

PRISM dataset uses the elevation as the dependent variable for the calculations. Daly
et al., 1994 applied a statistical approach to interpolate station observations and generate
a distributed dataset. PRISM data is downloaded from PRISM Climate Group, Oregon
State University (http://prism.oregonstate.edu). Prism has 4 km spatial resolution.
For precipitation comparisons, the PRISM dataset is assumed to represent ground
truth. PRISM was selected because it is one of the most accurate precipitation products
for CONUS (Grant et al., 2013, DiLuzio et al., 2007). As stated before precipitation and
evapotranspiration are highly related. Even if the focus of this study is
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evapotranspiration, comparison of precipitation products may provide helpful insight
about WRF-METRIC differences in ET.

3.3. Model Description

3.3.1. METRIC
METRIC is a simulation tool that can be used to estimate ET with incorporation of
satellite technology. There are four major components of the surface energy balance. LE
is the latent heat flux (W/m2), Rn is the net radiation flux (W/m2), G is the soil heat flux
(W/m2) and H is the sensible heat flux (W/m2).
𝐿𝐸 = 𝑅𝑛 − 𝐺 − 𝐻

(1)

The net radiation flux represents the total available energy for land, atmosphere
and water bodies. Soil heat flux is energy passing through the soil due to conduction.
There is an inverse relationship between soil heat flux and leaf area index since canopy
cover decreases the albedo.
𝑅𝑛 = 𝑅𝑠↓ − 𝛼𝑅𝑠↓ + 𝑅𝐿↓ − 𝑅𝐿↑ − (1 − 𝜀0 )𝑅𝐿↓

(2)

Where 𝑅𝑠↓ is incoming short-wave radiation (W m-2), 𝛼 is albedo (dimensionless),
𝑅𝐿↓ is incoming long-wave radiation (W m-2), 𝑅𝐿↑ is outgoing long-wave radiation (W m2

) and 𝜀0 is the broad-band surface thermal emissivity.
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The absorption of sunlight by the air causes a heat temperature difference. There is no
phase change during this process and it is called sensible heat flux. Latent heat flux is the
rate of latent heat loss due to the evapotranspiration and a phase change happens during
this process.
With METRIC an instantaneous reference ET fraction (ETrF) product is obtained
for the satellite pass time. Reference ET is calculated in hourly steps with NLDAS. A
constant ETrF was assumed for a fifteen-day period which means, reference ET
controlled the daily changes in the actual ET. For every fifteen days one ETrF composite
was generated using satellite images. Then using NLDAS, reference ET was calculated
with daily time steps. Finally the generated ETrF composite was multiplied with 15
different reference ET datasets for each day, which yields actual ET data in daily time
steps. While preparing the ETrF maps for the fifteen day periods, cloudy pixels were
discarded. Mean ETrF values were then calculated for the overlapping ETrF pixels by
also discarding the pixels which has a greater view angle than 30 degrees. This approach
secured the quality of the ETrF values since high view angles alter the pixel quality. An
instant of this case is shown in Figure 4. One can see the missing points in the southern
part of the map which are the results of clouds. Some of the pixels are calculated with up
to four different ETrF values and some are only one value.
During the calculation of sensible heat flux a novel methodology was developed to
divide the MODIS images into 150x150 km parcels. For every parcel, a vertical
temperature gradient was calculated independently. This approach was applied due to the
large areal coverage of MODIS images. Usage of a single temperature gradient would not

15
be representative for the entire image. For every parcel two anchor pixels are selected.
One is a hot pixel and the other is a cold pixel. Temperature gradient is assumed to be
known within those 2 extreme pixels, which makes it possible to do an inverse solution to
calculate a map of temperature gradient. It is a linear regression operation. If the MODIS
images are not divided into blocks, the hot anchor pixel will always be coming from
south and the cold pixel will be coming from north since selecting criteria for those
extreme pixels are temperature and NDVI. Using only 2 anchor pixels for an entire
MODIS imagery is not a realistic scenario, since the temperature gradient will be
dependent upon longitude. A python-based routine of METRIC is implemented to
overcome this issue since manual implementation of this methodology is extremely time
consuming. The 150 km parcel size is selected since Landsat images size approximately
150x150 km and METRIC was successfully ran with Landsat images using single
temperature difference coefficients. H is calculated with the following formula for every
block individually.
𝐻 = 𝜌𝑎𝑖𝑟 𝐶𝑝 𝑟𝑑𝑇

𝑎ℎ

(3)

Where 𝜌𝑎𝑖𝑟 is air density (kg m-3), 𝐶𝑝 is specific heat of air at constant pressure (J kg1

K -1), 𝑟𝑎ℎ is aerodynamic resistance (s m-1) between two near surface heights (0.1 and 2

meters) and dT is the near surface temperature difference between that two height which
is mentioned. dT is calculated using the two anchor pixels and as mentioned an inverse
solution is conducted to generate a dT map for the entire block.
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𝐺
𝑅𝑛

𝐺
𝑅𝑛

= 0.05 + 0.18𝑒 −0.521 𝐿𝐴𝐼 (𝐿𝐴𝐼 ≥ 0.5)

= 1.80

(𝑇𝑠−273.15)
𝑅𝑛

+ 0.084

(𝐿𝐴𝐼 < 0.5)

(4)

(5)

Using this empirical equations soil heat flux is calculated. In order to calculate soil
heat flux, net radiation has to be calculated first. Then based on the LAI values, soil heat
flux can be calculated.
As with all models METRIC has its own limitations. Perfect accuracy should not be
expected. Especially with the MODIS pixel size it can be challenging to find the anchor
pixels for the dT calculation.

Figure 4. ETrF product for the period between 1st of June and 15th of June, 2007
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3.3.2. CLM
CLM is a land surface model that handles the interactions between atmosphere and
land. It is a community developed model and it can be coupled with atmospheric models
such as WRF. Conservation of energy, water and carbon is considered in the model. That
means both hydrological and surface energy budgets and balance methods are conducted
inside the model.

The processes simulated include: absorption, reflection and

transmittance of solar radiation, surface energy balance components, and heat transfer in
soil, soil hydrology and dynamic land cover change. The model calculates surface
energy, momentum and radiative fluxes using soil hydrologic states from the previous
time step. Then the land model updates soil hydrology calculations based on these fluxes.
Even if there is enough energy to generate evapotranspiration, if there is no soil moisture
present in the soil, there is no ET. A linear model is developed to estimate smaller time
step for leaf area index products between monthly MODIS leaf area index images. The
model calculates transpiration and evaporation independently. Sensible and latent heat
fluxes are calculated differently for vegetated and non-vegetated surfaces. Vegetation
state of a pixel is defined by the leaf area index and stem index. Sensible heat flux is
dependent on vegetation, surface temperature, and specific humidity.
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3.3.3. Noah-MP
Noah-MP runs are conducted without the dynamic vegetation option. For vegetated
and non-vegetated surfaces different algorithms are applied, and classification is done by
using leaf area index and stem area index. Vegetation temperature and ground
temperature are separated in this model. A short-term leaf dynamic model to simulate
LAI and vegetation greenness fraction was added to Noah-MP. Other than those facts it
uses Noah as a base model. Also there are multiple common features between CLM and
Noah-MP. Details of the model are not the concern of this study and they can be found in
the model documentation.
Noah-MP and CLM are considered to be the advanced land surface schemes in the
land surface modeling literature according to Cai et al., 2014. There are two major
differences between CLM and Noah-MP. The first one is how the vegetation is handled.
In CLM there are up to 10 vegetation types in one grid cell and the LAI is prescribed. In
Noah-MP, dominant vegetation type in one grid cell with dynamic LAI option is offered.
The second difference is the soil layers. CLM has 10 layer moisture and 15 layer
temperature profiles. Noah-MP has four layers both for the moisture and the temperature.
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3.3.4. BUCKET
This model divides the top layer into two slabs. The components of the surface
energy balance forces the top slab to change its temperature to vary. The Bucket model is
run in two modes, with default vegetation option or grass option. The difference between
this model and CLM or Noah-MP is the complication of how vegetation and vegetation
related issues are handled. CLM and Noah-MP conduct much more realistic scenarios
compared to the bucket model. Details of the model are not the concern of this study and
they can be found in the model documentation. This model is called a bucket model
because it is similar to a hydrological bucket. One can visualize this model as a bucket
where there is input, output and storage of water. This model is estimating evaporation
with good accuracy since it can be calculated with a bucket hydrology type of model, but
fails with transpiration since it requires complex formulation of the surface energy
balance.
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CHAPTER 4: RESULTS AND DISCUSSION

In order to ease the process of comparison, land use map is used to find which land
use types the two models agree/disagree. A majority function that assigns the most
frequent value within a given resolution is used to bring 30 m NLCD product to 4 km
land use map. The threshold in this function is 51 % by default, which means within that
4 km pixel, if more than half of the values belong to one land use class, that land use
class is assigned to the 4 km pixels. With METRIC, the most confidence is present for
land uses through 41 to 95 (see Table 1), which are agricultural and naturally vegetated
land use classes as well as wet lands. The reason for that is the reference ET calculation
which is for alfalfa. For the analysis, therefore, the focus will be on the vegetated areas.

4.1. Spatial Comparisons
4.1.1. Comparison for 2005
For 2005, in general WRF-CLM underestimates the ET values. As expected, both
models produced the highest ET result during June and July. For the precipitation
products, NLDAS agrees well with PRISM dataset, not surprising since NLDAS
precipitation product was calibrated with PRISM dataset. WRF-CLM precipitation has
some different spatial patterns compared to PRISM but the magnitudes of precipitation
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agree fairly well. WRF-CLM ET spatially follows the precipitation product, since the
only input for its hydrology module is precipitation. According to the WRF-CLM model,
if there is not sufficient precipitation, there is not enough soil moisture to generate ET.
That is the primary reason that WRF-CLM ET product has the same spatial patterns as
the precipitation product. That is not the case with METRIC. With METRIC the satellite
acquires the imagery and the ET product is calculated for that very moment. Precipitation
affects the soil moisture in METRIC for the hot anchor pixel. The instantaneous image is
only partially affected by the precipitation because if there is a precipitation event, this
means that portion of the image is cloudy and there is no data to retrieve. Figure 5-12
shows ET and precipitation products for 2005 May, June, July and August.
For the 4 months considered, monthly values are calculated to compare the total
amount of ET for a month. The same kind of aggregation was also done for precipitation
data. METRIC is generating greater ET values compared to WRF-CLM. Both models
generated the highest ET on June and July, which is to be expected due to the peak in
incoming net radiation. Spatial patterns between WRF and METRIC ET were not similar.
Magnitudes are also different. Spatial comparisons showed there is no trend or
correlation between METRIC and WRF-CLM. Figure 5 compares the difference between
WRF-CLM ET and METRIC ET. One statement that can be made is the homogeneity in
the WRF-CLM map which does not look realistic for Nebraska. With METRIC forest
and agricultural land use classes have higher ET values.
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Figure 5. Monthly ET values for (a) WRF-CLM and (b) METRIC for May,
2005 (mm)
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Figure 6. Monthly precipitation values for (a) PRISM, (b) METRICNLDAS and (c) WRF-CLM for May, 2005 (mm)
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Figure 7. Monthly ET values for (a) WRF-CLM and (b) METRIC for June,
2005 (mm)
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Figure 8. Monthly precipitation values for (a) PRISM, (b) METRICNLDAS and (c) WRF-CLM for June, 2005 (mm)
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Figure 9. Monthly ET values for (a) WRF-CLM and (b) METRIC for July,
2005 (mm)
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Figure 10. Monthly precipitation values for (a) PRISM, (b) METRICNLDAS and (c) WRF-CLM for July, 2005 (mm)

28

Figure 11. Monthly ET values for (a) WRF-CLM and (b) METRIC for
August, 2005 (mm)
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Figure 12. Monthly precipitation values for (a) PRISM, (b) METRICNLDAS and (c) WRF-CLM for August, 2005 (mm)
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4.1.2. Comparison of 2007
2007 is a wet year for most of the region. Noah-MP without the option dynamic
vegetation, bucket hydrology model with default vegetation option and bucket hydrology
model with grass option are all evaluated and compared with METRIC ET results. Based
on these results Noah-MP generates the closest ET results to METRIC. It can be
concluded that for wet years Noah-MP is a good selection to calculate ET. Figures 13-20
show ET and precipitation products for 2007 May, June, July and August.

Figure 13. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for May, 2007 (mm)
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Figure 14. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for M ay,
2007 (mm)
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Figure 15. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for June, 2007 (mm)
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Figure 16. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for June,
2007 (mm)
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Figure 17. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for July, 2007 (mm)
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Figure 18. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for July,
2007 (mm)
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Figure 19. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for August, 2007 (mm)
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Figure 20. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for
August, 2007 (mm)
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4.1.3. Comparison of 2012
Figure 21-28 shows ET and precipitation products for 2007 May, June, July and
August.

Figure 21. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for May, 2012 (mm)
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Figure 22. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for May,
2012 (mm)
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Figure 23. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for June, 2012 (mm)
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Figure 24. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for Jun e,
2012 (mm)
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Figure 25. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for July, 2012 (mm)
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Figure 26. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for July,
2012 (mm)
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Figure 27. Monthly ET values for (a) Noah-MP, (b) METRIC, (c)
BUCKET Default and (d) BUCKET Grass for August, 2012 (mm)
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Figure 28. Monthly precipitation values for (a) Noah-MP, (b) METRICNLDAS, (c) PRISM, (d) BUCKET Default and (e) BUCKET Grass for
August, 2012 (mm)
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4.2. Statistical Evaluations
Among with the spatial comparisons, statistical evaluations are also conducted.
Statistical analysis showed the differences in ET for different land use classes. The bar
graphs in all figures are the mean values for every land use class in the x axis. The error
bars are the standard errors. For the sake of clarity land use classes are given in number
format, corresponding to the land use classes found in Table 1.
Tukey’s pairwise test is used to indicate the significance level of different models.
This test shows whether the differences of means for different groups are significant or
not based on a confidence coefficient. This test was useful in this study since the
difference between mean ET values for each land use class were analyzed with a
systematic statistical method rather than visual observations. Tukey’s analyses are
conducted only for 2007 and 2012 runs, since for 2005 only comparison can be made
between WRF-CLM and METRIC.
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11

Open Water

12

Perennial Ice / Snow

21

Developed, Open Space

22

Developed, Low Intensity

23

Developed, Medium Intensity

24

Developed, High Intensity

31

Barren Land (Rock / Sand / Clay)

41

Deciduous Forest

42

Evergreen Forest

43

Mixed Forest

51

Dwarf Scrub

52

Shrub / Scrub

71

Grassland / Herbaceous

72

Sedge / Herbaceous

73

Lichens

74

Moss

81

Pasture / Hay

82

Cultivated Crops

90

Woody Wetlands

95

Emergent Herbaceous Wetlands

Table 1. Explanations of the land use codes.
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4.2.1. Comparison for 2005
For the 2005, CLM is coupled with WRF model is compared with METRIC. Both ET
and precipitation results are compared to observe the spatial patterns between models. In
all graphics, the colored bars are the mean ET values for the given month and given land
use class. Error bars are the standard error values. Mean ET values for each land use class
is taken due to the fact that pixel by pixel comparison complicates the visualizations.
First consideration about the underestimation of ET by WRF-CLM could be the
irrigation effect. Lack of irrigation in the model can result in low soil moisture content,
which in turn results in low ET results for the agricultural areas. This can cause different
consequences among the results such as changing the precipitation, temperature and even
wind speed for the next days. Figure 30-37 shows ET and precipitation statistical
comparison products for 2005 May, June, July and August.
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Figure 29. METRIC vs WRF-CLM Mean Evapotranspiration for May,
2005
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Figure 30. Comparison of WRF-CLM precipitation product and METRICNLDAS precipitation product against PRISM data in the x axis for May, 2005
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Figure 31. METRIC vs WRF-CLM Mean Evapotranspiration for J une,
2005
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Figure 32. Comparison of WRF-CLM precipitation product and METRICNLDAS precipitation product against PRISM data in the x axis for June, 2005

53

Figure 33. METRIC vs WRF-CLM Mean Evapotranspiration for July,
2005
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Figure 34. Comparison of WRF-CLM precipitation product and METRICNLDAS precipitation product against PRISM data in the x axis for July, 2005
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Figure 35. METRIC vs WRF-CLM Mean Evapotranspiration for August,
2005
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Figure 36. Comparison of WRF-CLM precipitation product and METRICNLDAS precipitation product against PRISM data in the x axis for August,
2005
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4.2.2. Comparison of 2007
Almost all the models are significantly different than METRIC towards
underestimation. This is a systematic bias in the WRF dataset. WRF ET datasets
resembles the WRF precipitation datasets since there is no irrigation parameter in WRF,
which is almost half of the water input to the system with precipitation. Figure 38-41
shows ET and precipitation statistical comparison products for 2007 May, June, July and
August.
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Figure 37. ET values for METRIC and different land surface models
coupled with WRF for May, 2007
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Figure 38. ET values for METRIC and different land surface models
coupled with WRF for June, 2007
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Figure 39. ET values for METRIC and different land surface models
coupled with WRF for July, 2007
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Figure 40. ET values for METRIC and different land surface models
coupled with WRF for August, 2007
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4.2.3. Comparison of 2012
Since 2012 is a dry year, mean values were reduced for all models since drought
reduces ET. During this year Bucket models have a better accuracy than the Noah-MP.
Figure 42-45 shows ET and precipitation statistical comparison products for 2012 May,
June, July and August.

Figure 41. ET values for METRIC and different land surface models
coupled with WRF for May, 2012

63

Figure 42. ET values for METRIC and different land surface models
coupled with WRF for June, 2012
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Figure 43. ET values for METRIC and different land surface models
coupled with WRF for July, 2012
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Figure 44. ET values for METRIC and different land surface models
coupled with WRF for August, 2012
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Global means and standard deviations are given for the models in Table 2 and Table
3. All the pixels which did not have a value for METRIC were eliminated and not
included in the statistics. Based on these results it can be seen that overall METRIC
estimates higher ET results. For 2012 which was a dry year, METRIC seems to
overestimate ET. One should expect lower ET results for the dry year compared to the
wet year. Bucket model is also insensitive to drought conditions. Noah-MP on the other
hand generated lower values that shows it is more sensitive to drought conditions.

May
June
July
August

Models
METRIC
CLM
METRIC
CLM
METRIC
CLM
METRIC
CLM

Mean
110.54
72.97
128.53
74.46
130.23
68.92
96.45
72.38

2005
Standard Dev
30.19
23.04
46.69
37.29
46.91
30.07
33.97
35.02

Table 2. Global mean values and standard deviations for CLM and METRIC
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2007

2012

Models

Mean

Standard D

Mean

Standard D

METRIC

121.77

32.90

115.77

44.28

Noah-MP

93.62

33.70

56.12

34.15

Bucket-Def

77.18

38.47

86.77

27.45

Bucket-Gra

71.39

36.04

83.50

26.77

METRIC

129.69

52.93

116.06

52.94

Noah-MP

95.56

33.13

47.19

22.64

Bucket-Def

75.92

39.51

97

32.75

Bucket-Gra

71.50

36.79

93.72

31.93

METRIC

116.38

46.87

100.17

42.24

Noah-MP

92.78

35.47

54.49

31.40

Bucket-Def

78.58

33.05

86.15

35.24

Bucket-Gra

71.19

30.31

85.52

34.54

METRIC

102.51

36.85

102.84

41.91

Noah-MP

70.59

33.72

53.03

31.30

Bucket-Def

65.62

38.34

72.23

34.32

Bucket-Gra

65.31

38.01

71.78

35.13

May

June

July

August

Table 3. Global mean values and standard deviations for different models
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4.3. Validation of MODIS METRIC
Three Landsat derived ETrF images were selected to validate the MODIS ETrF
images. The results showed MODIS simulations were reliable compared to Landsat
imagery which has been validated with ground data. Figure 45 -50 shows the validation
datasets. The validation runs are conducted for the Central Platte area for 2011 and 2013.

Figure 45. MODIS ETrF map (clipped with Landsat) for June 29, 2011.

Figure 46. Landsat 7 ETrF map for June 29, 2011.
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Figure 47. MODIS ETrF map (clipped with Landsat) for July 22, 2011.

Figure 48. Landsat 7 ETrF map for July 22, 2011.
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Figure 49. MODIS ETrF map (clipped with Landsat) for July 22, 2013.

Figure 50. Landsat 7 ETrF map for July 22, 2013.
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CHAPTER 5: CONCLUSION

This study evaluates different land surface models to determine, which model
generates the closest result to the METRIC model. Based on the results it can be
concluded that WRF coupled with CLM or Noah-MP generates the best results.
However, for the dry year which is 2012, bucket model performed better than Noah-MP.
There may be various reasons why models performs differently. One obvious reason of
underestimation may be the irrigation. Irrigation is almost half of the input that enters
into the hydrological system in some states, such as Nebraska. When irrigation is
considered, the amount of soil moisture dramatically increases. The effects of irrigation
can be seen all over the domain. Atmospheric circulation distributes the effect of
irrigation to the surrounding regions according to Lu et al., 2015.
The increase in the soil moisture should reduce the surface temperature by
evaporative cooling, which might be the reason for the warm-bias in WRF for Midwest.
One other reason for the warm bias can be low LAI values generated by CLM and NoahMP. Both models have a static LAI product which does not change year by year which
may cause unrealistic results for extreme years such as 2012. In the surface physics
models LAI controls the partitioning of transpiration from plants and evaporation from
soils. According to Lu and Kueppers, 2012 WRF-CLM does not underestimate latent heat
fluxes. If underestimation of latent heat flux is not the case for the low evapotranspiration
values, there are two possibilities. One is low LAI values which generate greater
evaporation compared to transpiration which yields low ET values. According to Lascano
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et al., 1987, for agricultural fields 30 % of the ET is soil evaporation and the rest is
transpiration. In order to have a reasonable ratio of evaporation and transpiration, LAI
should be accurate since it controls the partitioning. Without sufficient soil moisture,
neither accuracy of LAI, nor accuracy of latent heat flux matters since there is not enough
moisture to evaporate in the soil. In order to effectively fix the ET problem, the priority
should be adding the irrigation, and getting accurate LAI. One other effect of irrigation is,
since the wet soil will be darker, albedo will decrease which will result higher net solar
radiation.
Mixed pixels can be another cause of the low ET. Estimation of latent heat flux with
multiple land use classes, roughness and soil moisture can yield deviations from the insitu measurements. Kustas et al., 2004 found a trend of decreasing variance with coarser
resolution and stated that the optimal pixel size should not be greater than 500 m for
accurate latent heat flux estimations. One other difference between WRF and MODIS is
the land surface temperature products (skin temperature for WRF). According to
Sohrabinia et al., 2012 WRF skin temperature product has a better correlation with in-situ
measurements compared to MODIS land surface temperature.
Further analyses are needed to pinpoint the exact reason of this behavior. All the
major components of the surface energy balance should be checked in daily or even
hourly time steps to see which product causes this problem.
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